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PREFACE 
Water r e sources  systems have been an important  p a r t  of 
resources  and environment r e l a t e d  r e sea rch  a t  I I A S A  s i n c e  i t s  
incep t ion .  A s  demands f o r  water  i n c r e a s e  r e l a t i v e  t o  supply,  
t h e  i n t e n s i t y  and e f f i c i e n c y  o f  water  resources  management must 
be developed f u r t h e r .  This  i n  t u r n  r e q u i r e s  an i n c r e a s e  i n  t h e  
degree o f  d e t a i l  and s o p h i s t i c a t i o n  o f  t h e  a n a l y s i s ,  i nc lud ing  
economic, s o c i a l  and environmental  e v a l u a t i o n  o f  water  r e sources  
development a l t e r n a t i v e s  a ided  by a p p l i c a t i o n  o f  mathematical  
modeling techniques ,  t o  gene ra t e  i n p u t s  f o r  planning,  des ign ,  
and o p e r a t i o n a l  dec i s ions .  
During t h e  y e a r  o f  1978 it w a s  decided t h a t  p a r a l l e l  t o  t h e  
con t inua t ion  o f  demand s t u d i e s ,  an a t tempt  would be made t o  in -  
t e g r a t e  t h e  r e s u l t s  o f  ou r  s t u d i e s  on water  demands wi th  water 
supply cons ide ra t ions .  This  new t a s k  was named "Regional Water 
Management" (Task 1 ,  Resources and Environment Area) . I t  i s  
concerned with  t h e  a p p l i c a t i o n  o f  systems a n a l y s i s  t echniques  
f o r  planning and o p e r a t i o n a l  management of  i n t e g r a t e d  r e g i o n a l  
water  resources  systems. 
This  paper  by P ro fes so r  M.B. F i e r i n g  from Harvard Un ive r s i ty  
was d r a f t e d  du r ing  h i s  s h o r t  v i s i t  t o  IIASA i n  March 1979. It 
c o n t a i n s  a  methodological  p roposa l  f o r  a n a l y s i s  of  r e g i o n a l  water 
resources  management. A model which couples  a l t e r n a t i v e  water  
demand p a t t e r n s  wi th  t h e  long-term a v a i l a b i l i t y  of  water i s  
formulated.  
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A PROPOSA&I FOR A DECISION FRAMEWORK 
I N  THE SKANE PROJECT 
Myron B. F i e r i n g  
1 .  A v a i l a b i l i t y  of Water 
Consider a ma t r ix  whose e lements ,  e .  x i  a r e  t h e  a l l o -  
c a t i o n s  of water from b a s i n  B t o  mun ic ipa l i t y  Mi. The sou rces  j  
a v a i l a b l e  t o  B4 might i nc lude  s t o c k s  of wa te r  i n  s t o r a g e  and f l u x e s  
J 
over  which t h e  Mi have j u r i s d i c t i o n .  For example, i n  F igure  1 
a s imple  s tock  and f l u x  model is  shown f o r  a column of s o i l .  There 
a r e  4 s t o r a g e s  o r  s t o c k s ,  2 i n p u t s ,  3 o u t p u t s ,  and many i n t e r n a l  
f l u x e s .  For s i m p l i c i t y t h e  diagram shows connec t ions  between 
a d j a c e n t  s t o c k s ,  b u t  i n  f a c t  a more e l a b o r a t e  connect ion network 
e x i s t s  i n  na tu re .  Some of  t h e  connect ions  make no hydro log ic  
s ense  and can s a f e l y  be ignored.  
I f  we make a number of assumptions about  p ro to type  behavior  
and apply  t h e  law of  c o n t i n u i t y  a c r o s s  each of t h e  s t o c k s ,  it i s  
p o s s i b l e  uniquely  t o  f i n d  va lues  f o r  a l l  o r  most of  t h e  parameters  
am, B m l  Y,I 6mn' etc.  For example, some obvious  c o n s t r a i n t s  are 
and an obvious approximation t o  a p h y s i c a l l y  motivated system is  
OUTPUT INPUT 
r u n o f f  e v a p o r a t i o n  P t  g t  Zt 
Notes: 1 )  6 m n  f o r  o t h e r  p a i r s  o f  s t o c k s  a r e  n o t  
shown. 
2 )  Some 6 m n  may n o t  make h y d r o l o g i c  s e n s e  
and  a r e  z e r o .  
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the linear hypothesis coupled with continuity: 
Of course, the stocks in this model are of infinite capacity 
and drive linear fluxes through the frictionless system connectors. 
In any real applications, these assumptions would have to be re- 
laxed and replaced with real system representations. 
The data are the time series qt and pt and perhaps some basin 
characteristics. The commonly used approach to calibrating a basin 
model is to aggregate or lump the parameters whenever possible, 
and to fit by least squares the observations on qt and p to This 
often leads to quite good fits, but just as often, to chronic 
instabilities outside the range of observations. These failures 
of runoff models have led to much hand-wringing and to the promul- 
gation of much foolishness; perhaps the following arguments can 
explain the problem. 
In the U.S., about 28% of all precipitation becomes runoff, 
so that most rainfall/runoff models have an implied residual which 
is 72/28 = 2.6 times as large as the observed dependent variable. 
Any s m a l l  i n s t a b i l i t i e s  i n  t h i s  r e s i d u a l  are l e v e r e d  i n t o  
enormous e r r o r s  i n  t h e  r u n o f f  model,  whereupon t h e  f i t  
c o l l a p s e s  o u t s i d e  t h e  r a n g e  o f  o b s e r v a t i o n s .  
I t  i s  proposed  t o  accommodate more t i m e  series i n t o  t h e  
f i t t i n g  p r o c e d u r e .  I n  p a r t i c u l a r ,  if t h e  o b s e r v a t i o n  a t  some 
t i m e  i n t e r v a l  t i s  t h e  v e c t o r  ~ ~ , ~ , ~ , w , ~ , S , P , V , G } ~ ,  which  m i g h t  
r e q u i r e  some i n n o v a t i v e  measurement  t e c h n i q u e s  ( a l l  o f  which 
a r e  f e a s i b l e ) ,  and  i f  some o f  t h e  p a r a m e t e r s  are c o n s t r a i n e d  t o  
f a l l  w i t h i n  r a n g e s  e s t a b l i s h e d  by h y d r o l o g i c a l  e x p e r i e n c e  and  
e x p e r i m e n t ,  t h e  u s e  o f  c o n s t r a i n e d  l e a s t - s q u a r e s  t e c h n i q u e s  w i l l  
l e a d  unambiguously t o  a  s o l u t i o n  f o r  t h e  p a r a m e t e r  se t .  The 
se t  may have  some p e r s i s t e n t  l u m p i n e s s ,  and  it i s  d i f f i c u l t  t o  
know n prior; i f  good estimates o f  t h e  lumped p a r a m e t e r s  imply  
e q u a l l y  good estimates o f  t h e  i n d i v i d u a l  c o n s t i t u e n t  v a l u e s .  
T h i s  w i l l  have  t o  a w a i t  e m p i r i c a l  v a l i d a t i o n .  T h i s  a p p r o a c h  l e a d s  
t o  a b a s i n  b u d g e t  r a t h e r  t h a n  a r a i n f a l l / r u n o f f  model ;  t h i s  b u d g e t  
i s  n o t  n e a r l y  a s  d e t a i l e d  a s  t h e  S t a n f o r d  Watershed  Model, which  
r e q u i r e s  l i t e r a l l y  d o z e n s  o f  p a r a m e t e r s  b u t  which s u f f e r s  f rom 
a l a c k  o f  u n i q u e n e s s  i n  p a r a m e t e r  e s t i m a t i o n .  The p r o p o s e d  b u d g e t  
p r o v i d e s  a d i r e c t  and  s t a t i s t i c a l l y  s t a b l e  l i n k a g e  among t h e  a v a i l -  
a b l e  r e s o u r c e  e l e m e n t s  s o  t h a t  v a r i o u s  s m a l l  n a t u r a l  and man-made 
s y s t e m  p e r t u r b a t i o n s  c a n  b e  a s s e s s e d  i n  t e r m s  o f  t h e i r  i m p a c t s  on 
s t o c k s  and  f l u x e s .  I t  i s  n o t  a p p r o p r i a t e  t o  d i s c u s s  i n  t h i s  
p a p e r  t h e  many a s s u m p t i o n s ,  s h o r t c o m i n g s  and  a p p l i c a t i o n s  o f  s u c h  
a  b u d g e t ;  t h e  i m p o r t a n t  p o i n t  i s  mere ly  t o  n o t e  t h a t  i t  c o n n e c t s  
t h e  s e v e r a l  p o t e n t i a l  s o u r c e s  o f  water i n  t h e  b a s i n  and  e s t a b l i s h e s  
an  a c c o u n t i n g  framework f o r  t h e  b a s i n ' s  t r a n s i e n t  and  r e t a i n e d  
r e s o u r c e s .  
T h i s  model s e r v e s  p r i n c i p a l l y  t o  c o u p l e  t h e  l o n g  t e r m  a v a i l -  
a b i l i t y  o f  w a t e r  w i t h  u s e  p a t t e r n s .  F o r  example ,  min ing  t h e  
g roundwate r  w i l l  u l t i m a t e l y  r e d u c e  t h e  a q u i f e r ' s  c o n t r i b u t i o n  t o  
s u r f a c e  r u n o f f ,  which s h i f t  s h o u l d  b e  r e f l e c t e d  by a n  u p d a t e d  
a v a i l a b i l i t y  c o n s t r a i n t  on s u r f a c e  w a t e r .  The c o u p l i n g  mechanism 
s u g g e s t s  a  damped r e s p o n s e  i n  t h a t  i n t e r v e n i n g  random f l u c t u a t i o n s  
t e n d  t o  mask t h e  i n t e r d e p e n d e n c i e s ,  t o  make t h e  s y s t e m  r e s p o n d  
s l u g g i s h l y .  But  by s i m u l a t i n g  o v e r  l o n g  enough i n t e r v a l s ,  t h e  
d e t e r m i n i s t i c  mechanisms domina te  random i m p u l s e s  and  t h e  r e l a t i o n -  
s h i p s  emerge.  
It should here be noted that a time interval of the order 
of a week should be utilized to estimate the parameters and 
calibrate the model. This short interval suggests that data 
sequences will not be widely available and that some networking 
may have to be undertaken to develop a data base representative 
of the entire ~ k a n e  region. The short interval virtually guaran- 
tees, however, that enough data points can be collected from a few 
months or years of observations. The parameters are assumed to 
be invariant with time unless some specified development induces 
a change. Thus even though they are estimated from a brief period 
of observation, they can at least in principle be used to predict 
long term basin response over many seasons. 
2. Matrix Formulation 
Suppose we have a region with distinct hydrological sub- 
divisions or basins B with j = O,l, ..., m, and users or j 
municipalities M with i = O,l, ... n. The basins are sources i ' 
of water; Bo is a generic exogenous source whose origin lies 
outside the subdivision. Each source can be subdivided into 
stocks and fluxes. A simple first approximation is to generate 
for each source a 3-dimensional vector whose elements are ground- 
water storage Gt, average basin precipitation p and total tf 
channel flow or runoff qt. Physical and institutional constraints 
limit the fractions of each supply element available to the 
municipality Mi in that portion of the basin B over which it j 
has jurisdiction. Pumping limitations and permeability place 
a bound on groundwater withdrawal. Some of the incident precipi- 
tation evaporates or runs off, making it unavailable for utiliza- 
tion by crops. Water quality, fish and wildlife, and institutional 
constraints limit the withdrawal from surface fluxes by placing 
lower bounds on channel flow. These bounds reflect various use 
levels and reliabilities. 
In any event, municipality Mi can divert its total supply, 
from whatever sources or combinations thereof, to competing 
uses such as water supply, industrial use and irrigation. Others 
might be added; these might be aggregated to simplify the problem, 
and o t h e r  adjustmcbnts might  be made t o  r e f l e c t  t h e  u t i l i z a t i o n  
o f  t o t a l  supp ly .  I t  is  assumed t h a t  each u se  a n d  u s e r  h a s  a 
c o n s t a n t  c h a r a c t e r i s t i c  r e t u r n  f a c t o r  s o  t h a t  t h e  e f f e c t s  of  
r e t u r n  f low a r e  i n t r o d u c e d  merely by a p p r o p r i a t e l y  modifying 
(i. e . , r e d u c i n g )  t h e  wi thdrawal .  
F i g u r e s  2 and 3 i n d i c a t e  how t h e  x i j  are c o n s t i t u t e d .  The 
b a s i n  model and a  t r i v i a l  noda l  a n a l y s i s  a r e  j o ined  t o  produce 
t h e  m a t r i x  M - I  (see F ig .  4 ) ,  w i t h  r i s k  a n a l y s i s  i m p l i c i t  i n  select-  
i n g  t h e  l i m i t a t i o n s  o r  c o n s t r a i n t s .  For example, t h e  a n a l y s i s  
shou ld  be performed f o r  s e v e r a l  s e c u r i t y  l e v e l s ,  o r  f lows  (and 
p r e c i p i t a t i o n s )  which cor respond  t o  a  range  o f  r e t u r n  i n t e r v a l s .  
An i n i t i a l  sample sh o u l d  i n c l u d e  a t  l e a s t  t h e  10, 50, and 90 
p e r c e n t i l e  e v e n t s ,  w i t h  fol low-up a n a l y s e s  i n  t h e  v i c i n i t y  o f  t h e  
more i n t e r e s t i n g  and c r i t i c a l  r e s u l t s .  Each such a n a l y s i s  would 
d e f i n e  a n o t h e r  m a t r i x ,  i .e .  M - 1 1 ,  M - 1 1 1 ,  etc.  a s  a p p r o p r i a t e .  
3 .  C o n s t r a i n t s  and O b j e c t i v e s  
The c u r r e n t  v a l u e s  o f  x i j  a r e  o b t a i n e d  from e x i s t i n g  d a t a .  
The s u p e r s c r i p t  n o t a t i o n  x p j  is  i n t r oduced  t o  i n d i c a t e  t h e  cu r -  
r e n t  s i t u a t i o n ,  whereupon t h e  c u r r e n t  u t i l i z a t i o n  v e c t o r  
( X o f  X I . .  ., X n )  O i s  congruen t  t o  t h e  c u r r e n t  demand v e c t o r  
( D o t  D l ,  ..., D o  and t h e  c u r r e n t  e x t r a c t i o n  v e c t o r  (Eo,  E l ,  
..., E n )  O obeys t h e  i n e q u a l i t y  c o n s t r a i n t  E O  2 A f o r  a l l  j j j = 0  1  . m. C o n t i n u i t y  demands t h a t  t h e  t o t a l  e x t r a c t i o n  
m n 
E O  = C E .  shou ld  eq u a l  t h e  t o t a l  u t i l i z a t i o n  x 0  = C X j = o  J i = o  i' 
I Now suppose a  new se t  o f  demands - D' = ( D o ,  D l ,  ..., Dn)  i s  
i n t r o d u c e d  a s  t h e  r e s u l t  o f  a n  independent  l o c a t i o n a l  ( o r  o t h e r  
form o f )  a n a l y s i s .  The f i r s t  s t e p  i n  a s s e s s i n g  - D'  i s  t o  t e s t  
i t s  f e a s i b i l i t y ,  o r  t o  v e r i f y  t h a t  t h e  s c a l a r  sum o f  demands 
C D ' ~  = D'  - < A. I f  t h i s  c o n s t r a i n t  i s  n o t  m e t ,  t h e  i n d i v i d u a l  
magnitudes o r  r e l i a b i l i t i e s  ( o r  bo th )  must be changed. The 
achievement o f  m a c r o - f e a s i b i l i t y  i s  n o t  a  gua ran t ee  t h a t  i n t e r n a l  
c o n s i s t e n c y  o r  m i c r o - f e a s i b i l i t y  c an  be  a t t a i n e d .  Linkages  
between s o u r c e s  and s i n k s  may have i n h e r e n t  c a p a c i t y  r o n s t r a i n t s  
which make it i m ~ o s s i b l e  t o  move r e q u i s i t e  volumes of  wa t e r  t o  
t h e i r  u s e - ~ o i n t s .  
W e  d e f i n e  a  s o l u t i o n  t o  be t h e  o p t i m a l  x1 which meets some 
- 
o r  a l l  of  t h e  f o l l o w i n g  l i n e a r  c o n s t r a i n t s :  
M u n i c i p a l i t y  M1 draws w a t e r  from B and t h e  w e s t e rn  p a r t  o f  B2.  1  
M2 draws from B2 and t h e  n o r t h e a s t e r n  c o r n e r  o f  B1.  
M draws from B, and t h e  w e s t e rn  p a r t  o f  B2.  3  
M draws o n l y  from B2.  4 
x is  t h e  ( f l o w  and gw and ppn) a t  p o i n t  A ,  e xp re s s e d  a t  
11 
some s p e c i f i e d  f r a c t i l e .  I f  d  i s  withdrawn, t h e  e n t i r e  
11 
, downstream regime i s  changed. I n  p a r t i c u l a r ,  s u r f a c e  and 
groundwater  s u p p l i e s  w i l l  s h i f t .  x  i n c l u d e s  t h e  w a t e r  
31  
g ene r a t e d  i n  t h a t  p a r t  o f  B1 which l i e s  w i t h i n  t h e  j u r i s d i c t i o n  
- 
of  M3,  w h i l e  x  i n c l u d e s  t h e  u n u t i l i z e d  f low from t h a t  p o r t i o n  
30 
of  B1 which l i e s  w i t h i n  t h e  j u r i s d i c t i o n  o f  M I .  
F ig u r e  2. L a b e l l i n g  f lows.  
Mean annua l  f low,  q  
o r  Mean annua l  ppn ( p r e c i p i t a t i o n )  
o r  Mean growing season  ppn 
F igu re  3 .  C e r t a i n t y  e q u i v a l e n t s  

(maintain 
quality at 
the boundary 
1 of the basin 
X 00 + XO1 + X ~ m  + ... = XO 2 DO and other in- 
stream con- 
straints 
elsewhere) 
l + X  1 X 1 1  + ... + X ~ m  = X1 2 Dl 10 (local demands) 
1 
x + X 1 ~  + ... + X n ~  = Eo 2 A. 00 i (regional 1 x 1 + X~~ + ... + X n ~  = El 2 Al supplies) 0 1 
(controlled 
gradient) 
where 'ij is the allowable fractional change in xoij and may be 
systematically varied, 
x ' > O  ij - (non-negativity) . 
The Aij reflect local political and institutional constraints, 
and it is anticipated that they are known before the solution 
Xij is attained. However, if on post h o e  analysis it happens 
that a community is unwilling to accept its share xijl, a new 
set of Ai may be tried. This continues until an acceptable 
allocation array is found. The solution confers minimal value 
on a linear objective function of the form 
Z = E L hij (xij 1 - x O )  , (cost of adjustment) 
i j i j 
where in  h i j  i s  t h e  w e i g h t e d  cost o f  t r a n s f e r r i n g  a  u n i t  o f  w a t e r  
from b a s i n  B t o  m u n i c i p a l i t y  Mi. O t h e r  l i n e a r  terms may b e  j  
added  a s  a p p r o p r i a t e ;  unde r  c e r t a i n  c o n d i t i o n s  t h e  o b j e c t i v e  
f u n c t i o n  m i g h t  b e  e x t e n d e d  t o  i n c l u d e  q u a d r a t i c  t e r m s .  The 
p o i n t  t o  r e c a l l  i s  t h a t  t h e  x i j  l c o n s i s t  o f  waters d e r i v e d  from 
s e v e r a l  s o u r c e s  ( e . g . ,  qw, s w ,  ppn)  and  d i r e c t e d  a t  s e v e r a l  
u s e s  ( e . g . ,  w s ,  i n d ,  irr)  and t h a t  t h e s e  may embed a d d i t i o n a l  
c o n s t r a i n t s  w i t h i n  t h e  s i m p l e  se t  g i v e n  above .  For  example ,  
i f  w e  l a b o r i o u s l y  and i n e l e g a n t l y  add  2 more i n d i c e s  so t h a t  
YijkR i s  t h a t  p o r t i o n  o f  x i j  t a k e n  from s t o c k  k and d i r e c t e d  a t  
u s e  R ,  and  i f  w e  c a n  p a r c e l  t h e  t o t a l  a v a i l a b l e  r e s o u r c e  A i n t o  j 
s t o c k s  A s u c h  t h a t  C A = A. f o r  a l l  j = 0 ,  1 ,  ..., m ,  t h e n  j k  k j k  I 
w e  c a n  impose t h e  f u r t h e r  l i n e a r  c o n s t r a i n t  set 
t o  g u a r a n t e e  i n t e r n a l  c o n s i s t e n c y  w i t h  r e s p e c t  t o  m a s s  b a l a n c e  
and  s i m p l y  r e d e f i n e  t h e  x  i n  t e r m s  o f  new d e c i s i o n  v a r i a b l e s  i i 
Yijkk?,' The o b j e c t i v e  f u n c t i o n  w e i g h t s ,  h i j ,  now r e f l e c t  t h e  
f r a c t i o n s  of  x i j  owing t o  e a c h  o f  t h e  ( k ,  R )  c o u p l e s  and  t h e  
r e l a t i v e  p r i c e  o f  e a c h .  
The o b j e c t i v e  f u n c t i o n  chosen  f o r  t h i s  s y s t e m  i s  cost 
m i n i m i z a t i o n .  T h i s  p r e c l u d e s  any  a p r i o r i  d i s c u s s i o n  o f  b e n e f i t s ,  
t h e  e v a l u a t i o n  o f  which i s  now r e l e g a t e d  t o  t h e  a c c e p t a n c e  by  
t h e  p a r t i e s  o f  t h e  components  o f  t h e  demand v e c t o r .  Thus t h e  
o b j e c t i v e s  are  i n  a s e n s e  c o n v e r t e d  i n t o  c o n s t r a i n t s .  
4 .  F u r t h e r  E x p l o r a t i o n s  
C l e a r l y  a  s o l u t i o n  c a n  be a t t a i n e d  f o r  e v e r y  f e a s i b l e  demand 
r 
vec to r - - ,  i .e . ,  f o r  e v e r y  demand v e c t o r  D t h a t  arises f rom a n  
- 
exogenous  a n a l y s i s ,  random s a m p l e ,  o r  wha teve r .  Associated 
w i t h  e a c h  is  a minimal  scalar cost  'Zr and  a v e c t o r  o f  d u a l  v a r -  
i a b l e s  which  r e f l e c t  t h e  shadow p r i c e s  or t h e  v a l u e s  o f  r e l a x i n g  
t h e  s e v e r a l  c o n s t r a i n t s .  Where t h e  d u a l  v a r i a b l e  i s  z e r o  t h e  
a s s o c i a t e d  c o n s t r a i n t  d o e s  n o t  b i n d ,  s o  f rom t h e  d u a l s  t h e  s e v e r a l  
m u n i c i p a l i t i e s  c a n  l e a r n  t h e  i m p o r t a n c e  o f  r e t a i n i n g  t h e  v a r i o u s  
c o n s t r a i n t s .  
One important purpose which might be served by the metho- 
dology is to identify stable components of the solution, or com- 
ponents which remain in the final basis almost independent of 
the preferences Aij and the demand - Dr. That is, we would like 
r 
to find at least several elements xij which are so clearly 
influential that they appear in the solution to virtually every 
problem. This suggests that the hardware and structures associ- 
ated with x can confidently be installed because any changes i j r 
in the plan are not likely to involve xij . 
More to the point, each municipality is likely to have a 
different view of the "true value" associated with the solution 
r r r (X - and Z ) to the problem posed by specifying - D . That is, 
under the - rth scenario the common regional interest might be 
best served by exporting from a particular municipality as much 
water as possible and reducing its water-dependent activities 
in another municipality. 
If decisions in Skane were to be made by a monolithic 
decision-making authority whose preference function across different 
demand vectors could be represented by the scalar Zr associated 
with each - DL, it would be a simple matter to propose a large number 
of scenarios and to implement that solution which minimizes over 
ZO, Z1, ..., Zr. That is, only the scalar is of consequence, not 
the allocations, to the authority. But if a consensus is to be 
reached among the municipalities, that minimal Zr might be asso- 
ciated with a decision unacceptable to at least one participant. 
Solution by Paretian Analysis is then indicated to eliminate a 
large number of proposals - Dr and to identify a negotiation frontier 
among the few undominated alternatives. This form of analysis 
is shown in Figure 5, which is a 2 dimensional decision space 
(only 2 decision-makers, but the concept generalizes immediately). 
For example, in a trivial case the 2 decision-makers night be 
parties whose span of control encompasses several communities 
with similar objectives. Each participant considers all the 
options and calculates the perceived benefits; these are plotted 
as (Xi, Yi) for the - ith option. Any point which lies to the south 
or west of another point is said to be dominated because either 
player (or both) could do better by moving to the northeasterly 
point. 
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Figu re  5. P a r e t i a n  a n a l y s i s .  
I £  w e  assume t h a t  t h e  p l a y e r s  a r e  n o t  malevo len t  s o  t h a t  
t h ey  do n o t  p u r p o s e f u l l y  o b s t r u c t  one  a n o t h e r  u n l e s s  i t  i s  t o  
t h e i r  own advantage  t o  do s o ,  o n l y  t h e  undominated o p t i o n s  need 
t o  be  cons ide r ed .  These form a n e g o t i a t i o n  f r o n t i e r  a l o n g  which 
t h e  s o l u t i o n  shou ld  l i e .  The c l o s e n e s s  of  t h a t  s o l u t i o n  t o  one 
a x i s  o r  a n o t h e r  i s  de te rmined  by t h e  b a r g a i n i n g  s t r e n g t h  o f  t h a t  
p a r t i c i p a n t .  Thus i f  X i s  more i n f l u e n t i a l  it i s  r e a s o n a b l e  t o  
p r e d i c t  t h a t  t h e  s o l u t i o n  w i l l  p r e f e r  X to  Y and t h a t  t h e  e q u i l i -  
brium p o i n t  w i l l  be  c l o s e r  t o  t h e  X-axis t h a n  t o  t h e  Y-axis. 
I t  i s  a l s o  c l e a r  t h a t  t h e  b e n e f i t  v a l u e s  ( X i ,  Yi)  can  be  
independent  of an  a f f i n e  l i n e a r  t r a n s f o r m a t i o n  under  which t h e  
magnitudes b u t  n o t  t h e  r ank ing  of  t h e  outcomes a r e  a l t e r e d .  A 
se t  o f  e f f e c t i v e  s i d e  payments can be  deduced from t h e  marg ina l  
b e n e f i t s  d e f i n e d  a long  t h e  n e g o t i a t i o n  f r o n t i e r .  
5.  Water Q u a l i t y  
Water q u a l i t y  c o n s i d e r a t i o n s  have been e x p l i c i t l y  exc luded  
from t h e  proposed program; t h i s  shou ld  be remedied. I n t r o d u c t i o n  
o f  t h e s e  i s s u e s  shou ld  fo l l ow  i n s t i t u t i o n a l  p a t h s  a p p r o p r i a t e  
t o  Skane. For example, downstream u s e r s  t r a d i t i o n a l l y  b e a r  t h e  
e f f e c t s  and c o s t s  o f  ups t ream p o l l u t e r s ,  whereupon some i n c e n t i v e  
( o r  r e g u l a t o r y )  p r o c e s s  might  be  implemented t o  encourage  ( o r  
r e q u i r e )  economica l ly  e f f i c i e n t  and e q u i t a b l e  schemes f o r  c o s t  
s h a r i n g .  Techniques f o r  e s t a b l i s h i n g  such schemes appea r  i n  many 
a r t i c l e s ,  and a r e  n o t  d e t a i l e d  h e r e .  The p o i n t  t o  n o t e  i s  t h a t  
wa t e r  q u a l i t y  d e g r a d a t i o n  shou ld  be  accounted f o r  by t h e  l i n e a r  
a l l o c a t i o n  model, perhaps  t o  t h e  e x t e n t  of  i d e n t i f y i n g  chance  
c o n s t r a i n t s ,  on t h e  assumpt ion o f  o f f - l i n e  c a l c u l a t i o n s  which 
a r e  based  on mixing and t r a n s f e r  p r o p e r t i e s  of  t h e  s t r e am system. 
6 .  Implementat ion 
I t  i s  urged t h a t  implementa t ion  o f  t h e  a l g o r i t h m  be  under- 
t a ken  b e f o r e  a  major d a t a  program i s  under taken .  When t h e  s t a f f  
i s  f a m i l i a r  and comfo r t ab l e  w i t h  t h i s  m a t e r i a l  a  meet ing i n  Sweden, 
and r e a l  d a t a  t a b u l a t i o n ,  can  be  a r r anged .  
